RNA stability control and degradation are employed by cells to control gene expression and to adjust the level of protein synthesis in response to physiological needs. In all domains of life, mRNA decay can commence in the 5 -3 as well as in the 3 -5 -direction. Consequently, mechanisms are in place conferring protection on mRNAs at both ends. Upon deprotection, dedicated enzymes/enzyme complexes access either end and trigger 5 -3 or 3 -5 -directional decay. In the present paper, we first briefly review the general mRNA decay pathways in Bacteria and Eukarya, and then focus on 5 -3 and 3 -5 -directional decay in the crenarchaeon Sulfolobus solfataricus, which is executed by a RNase J-like ribonuclease and the exosome complex respectively. In addition, we describe mechanisms that stabilize mRNAs at the 5 -as well as at the 3 -end.
mRNA decay and stability control in Bacteria
In Bacteria, a triphosphorylated 5 -end and/or a 5 -terminal stem-loop structure can counteract the activities of RNases on mRNAs. Major insights into bacterial mRNA degradation were obtained from studies in Escherichia coli, and it has become apparent that these processes differ in Gram-positive bacteria [1, 2] . As E. coli lacks a 5 -3 exoribonuclease, and mRNAs typically end in a protective stem-loop structure that impedes 3 -exoribonuclease attack, RNA degradation predominantly starts with endonucleolytic cleavage at one or more internal sites [3, 4] . Being part of the degradosome, consisting of RNase E, PNPase (polynucleotide phosphorylase), the ATP-dependent RNA helicase RhlB and the metabolic enzyme enolase, the 5 -end-dependent endoribonuclease RNase E binds to 5 -monophosphorylated ends of mRNAs and cleaves the mRNA downstream [5, 6] . The resulting RNA fragments are then degraded by 3 -exonucleases: RNase R, PNPase, RNase II and oligoribonucleases [6] . As every RNase E cleavage generates a new 5 -monophosphate end, which in turn provides a binding substrate for RNase E, 5 -3 -directional decay is believed to occur sequentially ( Figure 1A ). The mRNA longevity is determined by features of the 5 -UTR (untranslated region). Key features that stabilize mRNA are a 5 -terminal stem-loop structure and/or a high-affinity ribosome-binding site [1] . In addition, as long as mRNAs contain the 5 -triphosphate end, they are poor substrates for RNase E, which requires a 5 -monophosphate for efficient 5 -end binding. The removal of the pyrophosphate by the E. coli 5 pyrophosphohydrolase RppH creates substrates for RNase E. It was shown that RppH accelerates the degradation of hundreds of E. coli transcripts by converting the 5 -triphosphate into a 5 -monophosphate [3] ( Figure 1A) .
In Bacillus subtilis, no orthologue of RNase E has been found. Here, the essential RNase J1 and its paralogue RNase J2 have endonucleolytic cleavage specificity similar to RNase E [7] . They also possess 5 -3 exonuclease activity and prefer monophosphorylated or hydroxylated 5 -ends as substrates. An endonucleolytic cleavage generates a 5 -monophosphate, and the RNA can then be degraded by RNase J1 (5 -3 ) or by 3 -5 exonucleases such as RNase R, PNPase and RNase PH. RNase J1, which, in addition to its exonuclease activity, displays endonuclease activity on some substrates [8] (Figure 1B) , is a member of the metallo-β-lactamases. The protein consists of three domains, a β-lactamase, a β-CASP and a C-terminal domain, with the catalytic site located between the β-lactamase core and the β-CASP domain. RNase J combines endo-and exo-ribonucleolytic activities in a single protein, and both activities are carried out by the same catalytic site. The enzyme is functional as a dimer, and a linker located at the Cterminal domain is required for maintaining its dimeric state [9] . Enzymes of this group are widely distributed in all three kingdoms of life [10] .
RNase Y, being an integral part of the degradosome, has a large effect on overall mRNA stability in B. subtilis. The enzyme is associated with glycolytic enzymes, PNPase and RNase J1/2, and initially performs endonucleolytic cleavage(s) in RNA. The resulting fragments are then degraded by 3 -5 exonucleases [11] . It appears that RNase J1 triggers these initial steps to some extent [12, 13] . Similarly to E. coli, a 5 -monophosphate accelerates the activity of these enzymes and a triphosphorylated 5 -terminus constrains decay [13] . The pyrophosphate removal triggering RNA decay is performed by a Nudix hydrolase with low homology with RppH of E. coli [14] . is believed to initiate 5 -3 degradation by Sso-RNase J. As an endonucleolytic activity by Sso-RNase J or the presence of other endonucleases cannot currently be ruled out, it is also possible that endonucleolytic cleavage initiates 5 -3 degradation.
The 3 -end of mRNA in bacteria is usually protected by secondary structures, which are intrinsic features of Rhoindependent terminators. The attack by 3 -5 exoribonucleases is facilitated by RNA tails added post-transcriptionally. These short destabilizing tails are synthesized either by poly(A)-polymerase [homopolymeric poly(A) tails] or by PNPase (heteropolymeric A-rich tails). The tails serve as loading platforms for the 3 -5 exoribonucleases; RNase II and RNase R are homologous hydrolytic exoribonucleases, whereas PNPase degrades RNA phosphorolytically. It is remarkable that PNPase fulfils two functions in vivo: RNA degradation using P i and non-templated RNA synthesis using NDPs [15] . It is a homotrimer with spatial similarity to the RNA-degrading exosome and requires divalent cations (Mg 2 + ) for activity [16, 17] .
mRNA decay and stability control in eukaryotes
In eukaryotic cells, mRNAs contain terminal modifications, which affect the stability and the degradation process.
These include the cap structure at the 5 -end, and the long poly(A) tail at the 3 -terminus. The cap structure is a 7-methylguanosine cap with a 5 -5 triphosphate linkage that stabilizes and protects the mRNA from degradation by 5 -3 exonucleases. On the other hand, shortening of the 3 -poly(A) tail weakens the binding of the decapping inhibitor Pab1p, resulting in 5 -3 -directional decay of the mRNA. eIF4E (eukaryotic initiation factor 4E) plays an important role in these processes. It binds to the cap structure and influences accessibility, and thereby protects from decapping [18] . Deadenylation and assembly of a complex consisting of seven Lsm (like-Sm) proteins [19] , enhances binding of the decapping enzyme Dcp1p/Dcp2p complex. The mRNA is then degraded by 5 -3 exoribonucleases such as XRN1 [18] ( Figure 1C ). Deadenylated eukaryotic mRNA is degraded in the 3 -5 direction by a protein complex termed the exosome [20] . The eukaryotic exosome is present in the nucleus and in the cytoplasm, where it fulfils various functions in RNA processing, quality control and degradation [21] [22] [23] . Its RPD (RNase PH domain) containing subunits Rrp41, Rrp42, Rrp43, Rrp45, Rrp46 and Mtr3 form a hexameric ring, on top of which a trimer of the RNA-binding proteins Rrp40, Rrp4 and Csl4 is bound. This nine-subunit form of the exosome is similar to the bacterial PNPase and the archaeal exosome, but is catalytically inactive. The enzymatic activity of the eukaryotic exosome is due to the subunit Rrp44 located at the bottom of the hexamer [24] [25] [26] . In addition to being a 3 -5 -exoribonuclease, Rrp44 shows an endoribonucleolytic activity [27] . The two activities of Rrp44 reside in separate protein domains [26] .
To fulfil its various functions in the cell, the eukaryotic exosome interacts with proteins having RNase, RNA helicase and RNA-binding activities. Its RNA-degrading activity is strongly stimulated by polyadenylation of the substrate by specialized protein complexes, which synthesize short poly(A) tails triggering RNA for degradation [28, 29] . Thus, in contrast with the long stabilizing poly(A) tails synthesized by the canonical poly(A) polymerase, short destabilizing poly(A) tails produced by alternative poly(A) polymerases also exist in Eukarya.
mRNA decay and stability control in Sulfolobus solfataricus: the 5 -end
Recently, a RNase J orthologue has been identified in the crenarchaeon S. solfataricus [30] . The protein belongs to the β-CASP family of metallo-β-lactamases and comprises typical signatures such as five β-lactamase and three β-CASP motifs. These features and the sequence of the protein are highly conserved in the crenarchaeal clade of Archaea [30] . Although they differ with regard to their substrates, the family of metallo-β-lactamase proteins can be found in all three kingdoms of life. The class B β-lactamases (including glyoxalase II, aryl sulfatases and cAMP phosphodiesterases) can be distinguished from a separate group with nucleic acid substrates. A four-layered β-sandwich with two mixed β-sheets flanked by α-helices and metal-binding sites are structural characteristics of the metallo-β-lactamase fold. Other conserved features in the active enzymes include five motifs consisting of histidine and aspartic acid residues. A wide shallow groove at the bottom comprises a dinuclear Zn(II) required to perform the cleavage reaction [10] . The structure of RNase J of Thermus thermophilus has been determined [9] . The monomer contains three globular domains: the β-lactamase core, the β-CASP domain and the C-terminal domain [9] .
When compared with known RNase J proteins, Sso (S. solfataricus)-RNase J displays a very low overall sequence similarity. However, a meta-structure alignment of SsoRNase J and the known T. thermophilus RNase J revealed high structural homologies and identified Sso-RNase J as a RNase J orthologue [9, 30] . The Sso-RNase J shows sequence conservation predominantly in the catalytic domain [30] . The C-terminal domain of RNase J, which is essential for activity [9] in T. thermophilus, is absent from the archaeal RNase J orthologue.
The Sso-RNase J was shown to act as a 5 -3 -directional exonuclease [30] . Although the enzyme has a preference for 5 -mono-over tri-phosphorylated ends and exerts an accelerated degradation rate of 5 -monophosphorylated substrates, there is no evidences for the presence of 5 -monophosphorylated mRNA in S. solfataricus [30] . It is thus currently unknown whether dephosphorylation triggers activation of RNA degradation in Archaea. The temperature optimum of Sso-RNase J is between 65
• C and 80
• C, which agrees with the thermophilic lifestyle of S. solfataricus. Like several other endoribonucleases, e.g. bacterial RNase P or RNase E, Sso-RNase J requires Mg 2 + for function [30] . Archaea do not possess a 7-methylguanosine cap, and in hyperthermophiles, the formation of stable stem-loop structures could be largely impeded. It was surprising that, in S. solfataricus, the translation initiation factor a/eIF2 (archaeal/eukaryotic initiation factor 2) was shown to bind to the triphosphorylated 5 -terminus of mRNAs, and to protect transcripts from processing by RNase J [31] . In vitro, the γ -subunit of a/eIF2 was sufficient for binding to the triphosphorylated 5 -terminus of mRNA. a/eIF2(γ ) does not bind to monophosphorylated or dephosphorylated RNA, respectively. The impediment of 5 -3 -directional decay by a/eIF2(γ ) was supported by experiments showing that overproduction of a/eIF2(γ ) results in stabilization of mRNA 5 -segments in vivo [31] . It was shown further that a/eIF2(γ ) counteracts the activity of Sso-RNase J in vitro [30] .
mRNA decay and stability control in S. solfataricus: the 3 -end
In both Eukarya and Archaea, the exosome emerges as a central 3 -5 RNA processing and degradation machinery. Genes encoding orthologues of subunits of the eukaryotic exosome were found in most archaeal genomes, including that of S. solfataricus [32] . The exosome of S. solfataricus contains orthologues of the yeast proteins Rrp41, Rrp42, Rrp4 and CsI4, suggesting that similar RNA-degrading complex was present in the last common ancestor of Eukarya and Archaea. In addition, a DnaG homologue, which in Bacteria is responsible for synthesizing the RNA primer during DNA replication, is associated with the archaeal exosome [33, 34] .
Studies of reconstituted complexes revealed that a hexameric ring built up of three Rrp41-Rrp42 dimers is the minimal catalytic core of the archaeal exosome. A flexible trimeric cap of the RNA-binding proteins Rrp4 and/or Csl4 is located on the top of the ring forming the S1-pore [35] [36] [37] [38] [39] . After recruitment of an RNA substrate, its 3 -end is threaded through the S1 pore into the central channel of the hexamer. The entry is restricted to ssRNA (single-stranded RNA), which can pass a narrow neck at the upper part of the channel in order to reach one of the three active sites located at the bottom (Figure 2) . The archaeal exosome degrades long substrates processively using one active site. RNA shorter An ssRNA enters via the S1 pore of the heterotrimeric RNA-binding cap and the neck of the central channel of the hexameric ring, and reaches the active site (white crescent). For degradation, the RNA must be unfolded, and Mg 2 + is needed for catalysis. The relative concentrations of P i , NDPs and Mg 2 + determine the direction of the phosphorolytic reaction in vitro [41] .
than 10 nt, which cannot interact simultaneously with the active site and the neck, is degraded distributively. It is enclosed in the phosphorolytic chamber, released after each catalytic step and can interact with each of the active sites [40] . The catalytic reaction needs inorganic phosphate and divalent cations (Mg 2 + ) [41] . In this respect, the archaeal exosome resembles bacterial PNPase [17] . Another parallel between the archaeal exosome and PNPase is their dual function as exoribonucleases and RNA-synthesizing enzymes. Both phosphorolytic RNases can synthesize heteropolymeric Arich tails at the 3 -end of RNAs using NDPs [15, 41, 42] . The exosome is the only RNA-tailing enzyme in archaeal cells, and archaea without exosomes, such as halophilic and some methanogenic archaea, lack post-transcriptionally added tails [42, 43] .
Whereas the hexameric core of the archaeal exosome is necessary and sufficient for catalysis, the RNA-binding subunits Rrp4 and Csl4 increase the efficiency of degradation of poly(A) RNA [34, 37, 40] . They enable the degradation of structured heteropolymeric RNA without the help of RNA helicase [41] , and modulate the substrate specificity spectrum of the exosome [42] . The ability of the S. solfataricus nine-subunit exosome to degrade in vitro natural tRNAs was attributed to the presence of multiple RNA-binding domains in the RNA-binding cap, which may destabilize the secondary structures. Rrp4, but not Csl4, was found to confer a strong poly(A) specificity on the exosome [44] . The poly(A) specificity of Rrp4 most probably resides in its S1 domain, since a KH (K-homology)-less variant of Rrp4 retains this specificity [45] . S. solfataricus does not harbour poly(A) RNA, but its GC content is low and it has A-rich RNA tails [42, 46] . Thus Rrp4 may enhance the interaction of the exosome with A-rich RNAs. Indeed, an A-rich RNA tail, which was originally found at the 3 -end of a 16S rRNA fragment [42] , specifically enhanced the degradation of a heteropolymeric, A-poor, synthetic RNA by the Rrp4-exosome [44] . This also supports the view that the A-rich heteropolymeric RNA tails, also found at the 3 -ends of mRNA fragments in S. solfataricus [42] , destabilize archaeal RNA.
The different substrate specificities of Rrp4 and Csl4 from S. solfataricus were detected in assays employing exosomes with homomeric RNA-binding caps [44] . In vivo, however, heteromeric caps containing both Rrp4 and Csl4 were found [46] , which may enable the interaction with different RNAs and proteins. Variations in the stoichiometry of Rrp4 and Csl4 in the exosome may contribute to the regulation of the exosome, including its spatial distribution in the prokaryotic cell. Surprisingly, the exosome of S. solfataricus was localized at the periphery of the cell [44] . In agreement with this finding, the majority of the exosome was detected in the insoluble P100 fraction after 100 000 g fractionation of the cell-free extract, and only a minor part was detected in the soluble fraction [44, 46] . Rrp41, Rrp42, Rrp4, Csl4 and DnaG were detected in the soluble and the insoluble exosome, but the relative amount of Csl4 and DnaG was higher in the insoluble exosome, suggesting a role for DnaG in the subcellular localization of the protein complex.
In the present paper, we have summarized the current knowledge of the mechanisms for exonucleolytic RNA degradation in S. solfataricus. In the 5 -3 direction, RNA is degraded by a orthologue of RNase J and in the 3 -5 -direction, this is carried out by the exosome. It is anticipated that in Archaea, similarly to Bacteria and Eukarya, one or more endoribonucleases play roles in RNA degradation. It was proposed that RNase J homologues with endoribonucleolytic activity fulfil this function in methanogenic Archaea [47] , but, so far, no endoribonuclease with a key role in RNA degradation is known for S. solfataricus.
